ABSTRACT-Basically, micromodels are devices simulating a porous network and are useful tools for studying the transport mechanisms that govern the drying processes of pore structures such as in food. 2D micromodels have traditionally been fabricated with glass and resin and have been very effective instruments to observe and quantify liquid distribution and transport mechanisms involved in processes such as drying. Since they are built with rigid materials, phenomena such as shrinkage and matrix deformation can only be indirectly studied. A new method based on the traditional photolithographic technique has been developed to fabricate deformable micromodels. This technique uses an elastomeric material called polydimethylsiloxane (PDMS). This study describes the fabrication protocol for fabricating 3D deformable transparent PDMS micromodels with a log-normal pore size distribution and pore values ranging between 160 and 500 µm (µ = 200 µm and σ = 60 µm). This study provides preliminary results involving drying curves and shrinkage. PDMS micromodels are a useful tool to determine the liquid transport mechanism involved in drying and impregnation in porous structures that simulate a food matrix.
INTRODUCTION
There are a variety of mechanisms in the drying process involved in moisture transport in the porous structure. The parameters related to this process at different stages of the drying process are: liquid distribution in the microstructure, morphology, topology, and chemical composition of the pores (Laurindo and Prat, 1996; San Martin et al., 2011) . To understand this process, it would be useful to comprehend the main phenomena involved during the drying process of a deformable porous material such as in food. A good technique is to use a transparent micromodel. According to Oyarzún and Segura (2009) , transparent micromodels are defined as pore networks and throats that reproduce the complexity of a porous material (Buckley, 1991) and are useful to visualise fluid distribution and find fundamental evidence about the complex liquid/gas/solid interaction in drying processes of porous materials.
The technique of visualising the drying process in transparent micromodels has advanced the understanding of these phenomena (Laurindo and Prat, 1996; San Martin et al., 2011; Oyarzún and Segura, 2009 ). These devices have normally been constructed with inflexible materials, such as glass or plexiglass (resin). The rigidity of such materials does not capture the essence of the biological materials that are basically flexible and shrink considerably during the drying process. For this reason, rigid micromodels do not provide evidence of the transport property directly associated to the most important phenomenon in the drying process, which is shrinkage.Therefore, a new technique has been developed based on a modification of a conventional lithography method described by Duffy et al. (1998) . These authors were the first to develop the convenient photolithographic PDMS technique; nowadays, the scientific development in this area has progressed substantially Mc. Donald et al., 2000) . The uses of PDMS are varied because of its versatility in applications at the microscopic scale in fields such as biomedicine (Ki-Hun et al., 2006) , microvalve development (Yoo et al., 2006) , gas transport system (Stroock et al., 2002) , biochip cellular development (Baudoin et al., 2007) , chemical sensors (Lowder et al., 2007) , chemical and micro-chemical analysis system (Bruin, 2000) , and microscopic structures (Parashar et al., 2002) . In each of these areas, the development methodology of PDMS structures vary depending on the concentration of the base and curing agent in the mixture (Ren et al., 2006) or modification of the cure time proposed by the manufacturer (Chronis et al., 2003) . Although the PDMS microfluidic system has been applied to different disciplines, there is no evidence about the construction of network systems to study shrinking during the drying process in 3D systems. Therefore, the objective of this study was to develop a protocol for the PDMS construction of a 3D deformable micromodel device (pore networks). This type of micromodel can be a useful tool to find evidence about the transport properties involved in the shrinkage phenomenon of the deformable porous matrix, such as in food.
MATERIALS AND METHODS
The following materials were used to construct the 3D micromodels: photopolymer plate (TOYOBO model KM43GS), Sylgard® 184 silicone elastomer base and curing agent (Dow Corning), silica gel, and acetate sheeting.
The following equipment was used: a flexographic station consisting of an electric oven (model Nex TO-16), ultraviolet light projection camera, temperature-controlled oven (Shel-lab 1375 FX), Harrick plasma cleaner (Harrick Plasma Company), flowmeter (Model 032-15-N), CNC laser recorder (model S-9060, D'art Graphique Advertising Agency, Chillán, Chile) , vacuum pump (Trivac D 2,5 E Oerlikon Leybold Vacuum, Germany), analytical balance (Precisa, model XB 320M), and a Canon printer (Pixma, IP4910).
The steps in the fabrication of 3D PDMS deformable micromodels described above are a modification of the protocols developed by Duffy et al. (1998) and are described in detail below.
Pattern to design outer and middle layers of PDMS
A log-normal pore size distribution function with porous radii ranging between 160 and 500 µm was selected to obtain micromodels that can capture the main geometrical and topological features of some deformable materials (Karathanos et al., 1996) (Figure 1a ). Using this information, a code in Visual Basic (version 6.0) was employed to generate horizontal throat and pore radii ( Figure 1b ) and perpendicular throat radii (Figure 1c ) that correspond to the perpendicular throat of the middle layers of the 3D micromodels. The code was fed with statistical values, that is, a mean value of 200 µm, standard deviation of 60 µm, maximum radius of 500 µm, and a minimum radius of 160 µm with 30 x 30 pores in accordance with the procedure described by Oyarzún (2008) . The photomask dimension was 62 x 62 mm, which is smaller than the photopolymer plate, but which allowed cutting the edges of the PDMS layer to obtain regular borders and straight edges. 
Development of a photopolymer matrix
A 8 x 8 cm photopolymer plate (TOYOBO model KM43GS) was used to construct matrix support for the PDMS polymer. The photopolymer plate was aligned with the photomask shown in Figure 1b ; it was placed in the UV chamber for 4.5 min at a wavelength of 365 nm. The photopolymer plate was then washed with a sponge and clean water at room temperature for 3 min and the matrix was exposed for 2 min to UV light to strengthen the structure. Figure 2a illustrates the developed photopolymer matrix and Figure 2b 
Fabrication of PDMS micromodel
The following procedure describes how to develop the PDMS device (3D deformable micromodel): 25 ml of Sylgard ® 184 (base and curing agent) in a 10:1 ratio, respectively, was prepared in a Petri dish (Figure 3a) . Subsequently, the mixture was shaken to ensure homogeneity and a vacuum was applied for 10 min to remove bubbles produced by agitating the mixture. It was then poured into the cuvette (Figure 3b ) and cured for 24 h at room temperature. Finally, the mixture was oven-cured at 75 °C for 7 min. 
Development of the PDMS middle layers
To produce the middle layers (with perpendicular throats) of the micromodel, some PDMS membranes developed with the methodology described in the previous section (Figures 3a,b) were laser-perforated to obtain a perpendicular throat at a speed of 20 % of the total velocity of the machine and with a frequency between 64 % and 66 % of the total laser frequency. This technique allowed obtaining perpendicular channels. Figure 4 illustrates the procedure to perforate the PDMS middle layers. 
Micromodel bonding
The bonding process of PDMS multiple layers is as follows: The PDMS layers (with axial and perpendicular channels) were immersed in ethanol and then dried in a vacuum condition at room temperature in a desiccator for 1 h and then put in the Harrick plasma cleaner equipment (Figures 5a,b) for 25 min at low pressure (200-300 mtorr) with a controlled airflow of 12 ml/min at a maximum power of 26.9 Watt.
After the plasma process, the PDMS layers were sandwiched ( Figure 5c ) and then put in a metal press (Figure 5d ) where a pressure of 3 Kg f was applied for 45 min at 75 °C. These operational conditions produce an irreversible bonding of the two PDMS sheets to obtain a 3D transparent PDMS micromodel. 
Preliminary drying experiments
To determine shrinkage during drying, some points of the micromodel were initially dyed and the distance between them was recorded as drying progressed; this allowed the calculation of shrinkage during the process by image analysis using Acrobat PDF Professional.
The micromodel was impregnated with methanol in a vacuum chamber and then dried at room temperature. Micromodel shrinkage was measured by image analysis at different stages of the drying process by the following equations:
: Distance between points at time zero : Distance of landmarks during drying : Shrinkage percentage where (D) is the shrinkage percentage during drying, (R r ) is the actual reference distance (1 cm), (D p ) is the distance between points during drying, and (R i ) is the reference distance in the extracted image.
RESULTS AND DISCUSSION
The general protocol to fabricate 3D micromodels is presented in Figure 6 . The most importatnt factor in the development of this protocol was achieving uniform deep throats since the technique provided a constant depth equal to 233 µm. If this technique is compared with the ones described for the development of glass and resin micromodels, the PDMS technique is significantly more efficient in the moulding of micromodels. Figure 8 depicts a preliminary drying experiment with a 3D micromodel constructed in this study. The experiment was carried out at room temperature with methanol. Figure 8a displays a typical drying curve where it is possible to see a fast drying rate in the first drying period. Figure 8b illustrates shrinkage of the pore structure as drying advances. A key element in the development of this PDMS micromodel is its ability to deform due to the action of external or internal forces that occur in the drying process (e.g., capillary pressure) as shown in the preliminary drying experiment. In general, shrinkage incresaes as drying advances but with an oscillating condition due to changes in the capillary pressure of the system. 
CONCLUSION
The protocol to obtain PDMS 3D micromodels is the outcome of the modification of the protocol described by Duffy et al. In the present study, a fundamental stage to develop perpendicular throats (only found in this study) were added to this protocol, which was to perforate the perpendicular throat by a laser technique. This process produced 3D micromodels with the following characteristics: the throat depth corresponded to 232 µm with a node to node distance and a perpendicular along the throat of approximately 2 mm and all throats with a log-normal pore size distribution function. Furthermore, with the protocol established in this study, the developed micromodels capture the main fundamental feature of a biological material such as the deformation (shrinkage effect) of the matrix. These deformable micromodels have throats in three directions of the (x,y,z) coordinate axes. Therefore, they best represent the pore structure of a biological material. These kinds of micromodels are useful to obtain valuable information about what happens in the matrix (mainly shrinkage effect) when they are used in drying processes.
